High-temperature optical spectral weight and Fermi liquid renormalization in 

Bi-based cuprates 
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The optical conductivity (T(aj) and the spectral weight W{T) of two superconducting cuprates at 
optimum doping, Bi2Sr2-a:La2:Cu06 and Bi2Sr2CaCu208, have been first measured up to 500 K. 
Above 300 K, W{T) deviates from the usual behavior in both compounds, even though a{uj 0) 
remains larger than the loffe-Regel limit. The deviation is surprisingly well described by the T* 
term of the Sommerfeld expansion, but its coefBcients are enhanced by strong correlation, as shown 
by the good agreement with dynamical mean field calculations. 

PACS numbers: 74.25.Gz, 78.30.-j 



Since the discovery of high- Tc cuprates, the research 
has been obviously focused on their "low-temperature" 
properties. However the electronic correlations, which 
are expected to play a central role in the low-T phe- 
nomena like superconductivity and pseudogap, are also 
likely to affect the cuprate properties at higher T. In this 
respect, the high-T behavior can provide direct informa- 
tion about the real nature of the fermionic excitations, 
which, at low-T, may be masked by competing ordering 
phenomena. Indeed, it was suggested that high-T effects 
such as the violation of the lofFe-Regel (I-R) limit for re- 
sistivity saturation and the quasi-particle (QP) thermal 
decoherence, are a hallmark of the same Hubbard physics 
which controls the low-T phase diagram Nonetheless, 
the high-T properties of the cuprates have been scarcely 
investigated up to now. Here we present a study of the 
low-energy electrodynamics in two Bi-bascd cuprates at 
optimum doping from T^ to 500 K, the first one of this 
kind to our knowledge. 

Wc focus our investigation on the optical spectral 
weight 



W{n,T) = / a{u,T)duj 



(1) 



where cr(w, T) is the real part of the afe-planc optical con- 
ductivity, and fi is a cut-off frequency. is a model- 
independent quantity which provides important informa- 
tion on the evolution of the electronic dynamics with tem- 
perature [IHi. 

For — >■ 00, the standard /-sum rule implies that W is 
independent of T. However, useful "restricted sum rules" 



be approximated with the plasma edge in the reflectiv- 
ity R{u!)), a tight- binding model with nearest- neighbor 
hopping provides: 
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where a is the lattice constant, V is the sample vol- 
ume, and the second (approximate) equality in Eq. [2] 
comes from the Sommerfeld expansion of the kinetic en- 
ergy K{T) up to the fourth order in T. In the literature, 
Eq. [2] is typically limited to the second order (C = 0), as 
the T^-depcndence of W is well verified in many metals 
below room temperature, including several high- Tc su- 
perconductors [3, . Despite this "conventional" behav- 
ior, the cuprates show peculiar features i) the T^ de- 
pendence extends up to 17 's far larger than w^; ii) unlike 
in ordinary metals, where Wo - which accounts for all the 
carriers in the conduction band - and the "thermal" coef- 
ficient B{u)p) are governed by the same nearest-neighbor 
hopping rate to, in cu_£rates B cx tTp^ with It ~ to/10. 



can be defined for finite fi's. If for example $7 
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the screened plasma frequency which in the following will zone (FZ) technique j9|]. Bi2Sr2_a:La2-Cu06 is a single 



While some authors [7| attribute these effects entirely 
to the existence of a finite cutoff, in Ref. Q a quanti- 
tative agreement has been found between experimental 
data and dynamical mean field theory (DMFT) calcula- 
tions, taking into account both the finite cutoff and the 
strong correlation present in high-T^ cuprates. 

In the present paper we investigate the in-plane opti- 
cal conductivity of two cuprates in their normal phase 
up to 500 K, in order to study the behavior of W{^,T) 
towards the I-R limit. The samples are two single crys- 
tals at optimum doping, Bi2Sri.6Lao.4Cu06 (Bi-2201) 
and Bi9Sr2CaCu208 (Bi-2212), grown by the floating- 
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FIG. 1: (Color online) (a) Normal-state a&-plane conduc- 
tivity of Bi2Sri.6Lao.4Cu06 and (in the inset) resistivity of 
both samples. (b) Normal-state a&-plane conductivity of 
Bi2Sr2CaCu208 and (in the inset) reflectivity at the two ex- 
treme temperatures of both samples, with arrows marking 
their screened plasma frequencies ujp. In both main panels, 
the diamonds at a; = indicate the adc of the sample at the 
same T (at low T both of them are out of the scale). The hor- 
izontal arrows mark the loffe-Regel limits to adc (see text). 



Cu-0 layer cuprate, with maximum critical temperature 
rpmax ~ 33 K. In this system, whose optical spectra at 
low doping were reported previously [10|, optimum dop- 
ing occurs at x =0.4, which corresponds to 0.16 holes per 
Cu BizSrzCaCusOg is the well known double- 

layer cuprate with T™*^^ ~ 93 K. 

The a6-plane resistivity p{T) is represented in the inset 
of Fig. [TJ Above the sharp superconducting transitions 
at Tc = 33 K for Bi-2201 and 93 K for Bi-2212, both 
curves display the linear behavior typical of optimally- 
doped cuprates. The reflectivity i?(w) was measured at 
near-normal incidence, shortly after cleaving the samples, 
with a Michelson interferometer between 40 and 22000 
cm~^, at several T > Tc, stable within ± 1 K. The refer- 
ence in the infrared (visible) range was a gold (silver) film 
evaporated in situ onto the sample, which was mounted 



in a closed-cycle cryostat below room T, heated inside 
an optical vacuum chamber above 300 K. The intensity 
reflected both by the sample and reference was measured 
at every T, for any spectral range, in order to compen- 
sate the thermal displacements of the sample holder. The 
chemical stability of both samples was checked by mea- 
suring i?(w) at 300 K after every high-T cycle. R{u!) is 
shown at the lowest and highest temperatures in the in- 
set of Fig. [U for both Bi-2201 and Bi-2212. As shown 
by the vertical arrows in the inset, at any T the plasma 
edge is at Wp ~ 8000 cm'^ in Bi-2201 and LOp ~ 10000 
cm-i in Bi-2212. 

The real part 17(0;) of the a&-plane optical conduc- 
tivity was finally obtained from R{uj) through standard 
Kramers- Kronig transformations. First extrapolations of 
R{uj) to w = were based on Drude-Lorentz fits, which 
provided a cr(0) which deviated from the adc measured 
at the same T within ± 1%. Afterwards, these fits were 
adjusted exactly to adc- The extrapolations to high fre- 
quency were based on the data of Ref. 13| up to 40 eV 



and on a power law beyond this energy. The resulting 
a{u!) is shown in Fig. [Ha) and[IJb) at selected temper- 
atures between Tc and 500 K, for Bi-2201 and Bi-2212, 
respectively. In both samples the edge of the lowest elec- 
tronic band appears at w ^ 10000 cm~^. The Drude peak 
in the far infrared broadens with increasing temperature, 
becoming a flat contribution at 500 K. 

In the insets of Fig. [2l the spectral weight W{u!p), as 
obtained from cr(cj) by Eq. ([T]), is shown as a function 
of T for both Bi-2201 and Bi-2212. The error bars have 
been estimated by assuming a 1% error on the raw R{uj) 
throughout the measuring range. As one can see from the 
Figure, the dependence predicted by Eq. ^ limited 
to the second order (dotted line) well fits the measured 
W{ujp) only for T < 300 K. A strong deviation from this 
behavior is instead evident above room temperature for 
both Bi-2201 and Bi-2212. One may wonder whether this 
is due to the system approaching the I-R limit, where the 
quasiparticle picture breaks down because the electron 
mean free path £ becomes comparable with the lattice 
constant a [l|. 

To evaluate the resistivity at the I-R limit, following 
Ref. [ij one may assume a cylindrical Fermi surface of 
radius kp = ■\/27r/a, with a ~ 0.383 nm and height 2tt/c. 

0.765 nm 



141 and 



Here, c ~ 1.23 nm for Bi-2201 

for Bi-2212 [ll| is the average separation between Cu-0 
planes. At the TR limit £ = a, and hence 



Pab — 
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0.055(c/ao) mf7 • ^ 



(3) 



where ao is the Bohr radius. One thus obtains ^ ~ 1.3 
mTL cm for Bi-2201 and p[-^ ~ 0.8 mD. cm for Bi-2212. 
The corresponding cr^jT^ are marked in Figs, [ija) and 
[IJb) by arrows close to the vertical axis. As one can see, 
even at the maximum temperature investigated, (t(w) is 
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FIG. 2: (Color online) Temperature-dependent optical spec- 
tral weight W(cjp,r) of optimally doped (a) Bi-2201 and (b) 
Bi-2212, normalized to the (extrapolated) value at T = 0. 
The IR data (red circles) are compared with DMFT results 
for the restricted sum rule (blue diamonds) of the single-band 
Hubbard model. Also shown are theoretical calculations for 
the non-interacting system {U = 0) and the lowest-order Som- 
merfeld expansion, where the coefficient B is simply rescaled 
by the QP DMFT weight (Z-scaled). In panel (a) DMFT 
results for the total sum rule are displayed for comparison 
(green squares). In the inset the dotted (dashed) line indi- 
cates the fit performed on W{ijjp,T) data using Eq. [2] up to 
the second (fourth) order. 



much larger than the I-R limit, indicating that a trace 
of coherent fermionic excitations still survives in both 
Bi-based systems. 

Moreover, one finds that the deviation of W{u!p,T) 
from the behavior is satisfactorily reproduced at all 
temperatures if one fits to data the whole Eq. [2l namely 
if one includes the term of the Sommerfeld expansion 
(dashed lines in both insets of Fig. [2]). 

In order to check for the generality of such behavior, 
the cutoff frequency Q in Eq. [1] was varied from Wp/2 
to 3u}p/2, and deviations from the dependence quite 
similar to those in the insets of Fig. [5]were always found. 
The resulting set of VF(il, T) values were fit up to the T** 
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FIG. 3: (Color online) Normalized coefficients 6(51) = B/Wo, 
c{n) = C/Wo, and c{n)/b{n) for Bi2Sri.6Lao.4Cu06 and 
Bi2Sr2CaCu208, as obtained from the fits to W{T,Q,). The 
lines are guides to the eye. 



term, and the coefficients B{n) and C{fl) were deter- 
mined in terms of Wq- 

The results are shown in Fig. [31 We obtained 6(0;^) = 
B/Wa ~ 4.0 • 10-^ in Bi-2201 and b{iUp) ~ 2.0 • 10"^ 
in Bi-2212. Figure [3] also shows the coeffi- 
cient C{Q) in the Sommerfeld expansion. In both com- 
pounds, c(fJ) = C/Wq decreases with fl like b{il). There- 
fore, within errors, the ratio c/b in Fig. [3ljc) is inde- 
pendent of Q and, surprisingly, also the same in both 
optimally doped samples. At the screened plasma fre- 
quency one has c{ujp) ~ 6.1 • 10"^'^ (3.6 • 10"^'^) K^"* and 
c{ujp)/biLOp) = (1.5 ± 0.4) • 10-*^ ((1.8 ± 0.5) • lO"*^) R-^ 
for Bi-2201 (Bi-2212). 

The strong temperature dependence of W in the low-T 
regime and the deviations from the behavior at in- 
termediate T, suggest to investigate the role of electron 
correlations in renormalizing the Sommerfeld coefficients 
B and C. To this purpose, we have performed DMFT 
calculations [3l for a single-band Hubbard model with 
realistic values of the hopping parameters for both Bi- 
based comr 



in Rcfs. 
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17|. Following the scheme presented 



such calculations qualitatively repro- 
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duce the absolute (material dependent) value of W. The 
temperature behavior can be reproduced even quantita- 
tively when rescaling W with its (extrapolated) T = 



value Wq [21|. The comparison between experimental 
and DMFT values of W{T)/Wo is reported in Fig. 2 
for a local Coulomb interaction U = 12to and optimal 
doping (0.16 holes per Cu). The agreement with data 
is excellent, as DMFT results (blue diamonds in Fig. 2) 
capture both the strong dependence of W at low T 
between and 250 K for Bi-2201 and Bi-2212 (within 
^ 3% and ~ 1.5%, respectively), and the deviation from 
the behavior for T > 300 K. Even when the sum rule 
is extended up to infinity (sec the DMFT calculations for 
the 2201 material, green squares in Fig. [2]) is still de- 
pendent on T. Such a dependence is certainly weaker 
than that obtained for a finite cutoff, but it remains 
significant. This result demonstrates, that the effects 
of strong correlation Q and finite cutoff contribute 
about equally to the observed temperature dependence. 
The 2201 system displays a stronger T dependence than 
the 2212 compound as the energy scale given both by the 
bare (LDA) and rcnormalizcd (ARPES) hopping ampli- 
tude is much smaller. This does not necessitate stronger 
correlations since the renormalization factor (see below) 
is actually very similar and optical and ARPES spec- 
troscopies agree in this respect [l7l - [l9| . In the corre- 
sponding non-interacting system ([/ = 0, thin yellow line 
in Fig. 2), substantially smaller values for both B and 
C are found. This proves the major role of electronic 
correlations in determining the optical behavior of both 
Bi-based cuprates in the whole temperature range. 

In a first approximation, the observed B and C en- 
hancement can be related to the renormalization factor 
Z, which controls the QP bandwidth through 



1/Z = 1- 



dT^jio ^ 0) 



(4) 



Here S is the DMFT self-energy and for the parameters 
we studied 1/Z ranges between 6 and 8. On the basis 
of a simple dimensional argument one can expect that 
the Sommerfeld coefficients are renormalized by Z, as 
B cx 1/to ^ l/{Zto) and C cx l/tl 1/iZtof. In 
Fig. 2, both DMFT and experimental results are com- 
pared with curves obtained by this simple rescaling of the 
non- interacting B coefficient by Z . The small deviations 
observed up to 250 - 300K (i.e. for the coefficient B (iij ) 
can be ascribed to the T-dependence of the chemical po- 
tential and to the smearing of the Van Hove singularity 
due to correlation On the other hand, analytical 

calculations show that the simple dimensional renormal- 
ization cannot be applied to the coefficient C, since its 
value [23[ also depends on frequency- and temperature- 
dependent scattering terms of S, which we found to be 
substantial in our DMFT calculation. 

In conclusion, we have measured for the first time the 



behavior of the restricted optical sum rules up to 500 K 
for two optimally-doped Bi-based cuprates. The usual 

behavior does not hold above room T and, for any 
cutoff choice, the experimental results can be described 
in terms of an effective Sommerfeld expansion up to the 

term. The large values of the expansion coefficients 
controlling the and terms imply (i) a strong tem- 
perature dependence in the relevant temperature range 
and (ii) a rather low T at which deviations from the 
quadratic behavior become appreciable. The validity of 
a Sommerfeld expansion (though for strongly correlated 
electrons) from Tc to 500 K is a challenging result as 
it indicates that the low-energy fermionic excitations in 
both optimally doped cuprates can be described in terms 
of a renormalized Fermi liquid. This result calls for fur- 
ther work aimed at understanding its relation with the 
well known deviations from the Fermi-liquid behavior at- 
tributed to the presence of a Quantum Critical Point in 
the phase diagram of cuprates . 

M.C. activity is funded by the European Research 
Council under FP7/ERC Starting Independent Research 
Grant "SUPERB AD" (Grant Agreement n. 240524) and 
by MIUR PRIN 2007 Prot. 2007FW3MJX003. Work in 
Vienna was supported by the FP7 EU network MON- 
AMI. 



[1] O. Gunnarsson et al, Rev. Mod. Phys 75, 1085 (2003). 

[2] H. J. A. Molegraaf et al, Science 295, 2239 (2002). 

[3] A. Boris et al., Science 304, 708 (2004) 

[4] M. Ortolani et al., Phys. Rev. Lett. 94, 067002 (2005). 

[5] F. Carbone et al, Phys. Rev. B 74, 064510 (2006). 

[6] L. Benfatto, S. G. Sharapov, and H. Beck, Eur. Phys. J. 

B 39, 649 (2004). 
[7] M. R. Norman et al, Phys. Rev. B 76, 220509(R) (2007). 
[8] A. Toschi et al., Phys. Rev. Lett. 96, 097002 (2005). 
[9] Yoichi Ando and T. Murayama, Phys. Rev. B 60, R6991 

(1999). 

[10] S. Lupi et al, Pliys. Rev. Lett. 102, 206409 (2009). 

[11] Yoichi Ando et al, Phys. Rev. B 61, R14956 (2000); 
Phys. Rev. B 63, 069902 (2001). 

[12] S. Ono and Yoichi Ando, Phys. Rev. B 67, 104512 (2003). 

[13] I. Terasaki et al., Pliys. Rev. B 41, 865 (1990). 

[14] P. L. Russo et al, Phys. Rev. B 75, 054511 (2007). 

[15] N. N. Kovaleva et al, Phys. Rev. B 69, 054511 (2004). 

[16] Exact Diagonalization with 6 — 7 sites has been used as 
impurity solver for DMFT calculations. 

[17] The hopping parameters adopted [l^ - [20l ] are to — 250 
(350) meV (nearest-neighbor), t\/to = -0.2 (-0.3) (diag- 
onal), t2/t\ = -0.5 (0.0) (second nearest neighbor) for 
Bi-2201 (Bi-2212). 

[18] A. Toschi and M. Capone, Phys. Rev. B 77, 014518 
(2008). 

[19] M. Hashimoto et al, Phys. Rev. B 77, 094516 (2008). 
[20] E. Pavarini et al, Phys. Rev. Lett. 87, 047003 (2001). 
[21] A detailed analysis of Wo, and of its doping dependence, 

can be found in Ref. @] and in A. Comanac et al.. Nature 

Physics 4, 287 (2008). 



5 



[22] For Bi-2201 (Bi-2212) one has b{ujp)u^o ^ 1.1 ■ 10"'^(5.0 • 
10~*) K~^. Once renormalized, these values become 
6(wp)ren = b{ujp)u=o/Z ~ 7.3 ■ 10-^(4.1 ■ 10"^) K'^ 
for Z = 0.15 {Z = 0.12). 

[23] For Bi-2201 (Bi-2212) one has c{u}p)u^o ^ 9.4- 10"" (2.7- 



10 ^*) K Once renormalized, these values become 
c(a;p)REN = c{LUp)u=o/Z^ ~ 2.8 ■ 10-"(1.7 • 10"'') K"* 
for Z = 0.15 {Z = 0.12). 
[24] R. A. Cooper et al, Science 323, 603 (2009). 



